Assessing the relative reward value of cocaine and how it changes with repeated use represents a long-standing goal in addiction research. Surprisingly, recent experimental research in rats -the most frequently used animal model in the field -suggests that the reward value of cocaine may in fact be relatively weak at least in the majority of individuals.
Abstract
Assessing the relative reward value of cocaine and how it changes with repeated use represents a long-standing goal in addiction research. Surprisingly, recent experimental research in rats -the most frequently used animal model in the field -suggests that the reward value of cocaine may in fact be relatively weak at least in the majority of individuals.
Here, we provide strong additional evidence that confirms and extends the validity and generality of this research. Specifically, we demonstrate that no matter how heavy is past cocaine self-administration, most rats value cocaine poorly and readily decide to quit when offered the opportunity of making a different choice (i.e., drinking water sweetened with saccharin, an otherwise biologically inessential rewarding behavior). On average, rats estimate that cocaine is worth about 10 times less than the alternative reward. Only a small minority of rats prefer to continue taking cocaine when offered the choice. These findings reveal the existence of a genuine resilience to cocaine addiction in the majority of rats, a phenomenon that has long been suspected, though not firmly demonstrated, in humans. Only a minority would be prone to develop this disorder. We propose that choice should serve as a behavioral screening assay to identify vulnerable individuals, among the resilient majority, in future experimental research on the determinants of cocaine addiction.
Introduction
The reward value of cocaine, especially if it is rapidly delivered to the brain following inhalation or intravenous injection, is generally thought to be incommensurate with that of more natural or socially-valued rewards -a difference that would contribute to explain its addictive potential (1) (2) (3) (4) (5) . This basic assumption is largely based on retrospective self-reports from current or ex-cocaine abusers or on evidence from experimental animals given access to cocaine self-administration with no alternative. However, estimating the relative value of cocaine in current or ex-cocaine abusers -who belong to a non-representative minority -is prone to a selection bias and is thus likely to lead to overestimates when generalized to other, non-selected populations. There is no doubt that cocaine can be initially incommensurably rewarding in some vulnerable individuals (6) (7) (8) (9) ; whether this is true in the large majority of other individuals remains to be demonstrated (10) (11) (12) . Similarly, though most experimental animals readily self-administer cocaine when no other choices are available, this evidence in itself does not provide information about its relative value compared to other nondrug rewards. Thus, the relative reward value of cocaine largely remains to be established.
Recent research in non-selected rats -by far the most frequently used animal model in experimental addiction research (13) -has revealed that the relative value of cocaine is in fact surprisingly weak (14) (15) (16) (17) . For instance, using a behavioral economic approach, it was recently estimated in hungry rats from different strains that the reward value of food is largely greater than the reward value of intravenous cocaine (14, 15) ; and this, even following chronic cocaine self-administration (16) . Considering that food is essential for survival, growth and reproduction, this outcome may not be surprising. Perhaps more surprisingly, we found that when offered a mutually-exclusive choice, most non-deprived rats readily decide to stop taking intravenous cocaine and prefer drinking water sweetened with saccharin (17) -an otherwise biologically inessential rewarding behavior. This observation is consistent with other research showing that access to alternative non-drug reward can reduce cocaine selfadministration in both rats, monkeys and humans (18) (19) (20) (21) (22) . Preference for sweet water was not attributable to thirst or drinking behavior per se and was observed despite maximal cocaine stimulation and evidence for robust cocaine sensitization (17) -a well-documented behavioral change associated with persistent alterations in brain glutamate and dopamine synapses (23).
Still even more surprisingly, most rats rapidly quit cocaine to prefer drinking sweet water following an extended period of cocaine self-administration (17) . Previous research showed that following extended access to cocaine self-administration, most rats escalate their consumption of cocaine (24), work harder (25) and take more risk to obtain it (26). Clearly, all these behavioral changes and others (27) betray a consistent increase in the value of cocaine following extended drug use; nevertheless, no matter how large is this increase in drug value, it is apparently not sufficient to make cocaine irresistible in comparison to sweetened water.
As a whole, these observations show that the relative value of cocaine is weak in the large majority of rats. In view of the important implications of this conclusion for future experimental research on cocaine addiction, the goal of the present series of experiments was to provide strong additional evidence for its validity and generality. We first compared the results from the choice procedure with those of a different reward assessment method -the progressive ratio (PR) schedule (28). The PR schedule is the most frequently used method to measure the reward value of both drug and nondrug rewards in experimental animals (29, 30).
In the PR schedule, the maximum amount of work that rats accept to do to get access to a given reward (i.e., the breakpoint), serves as a valid index of its value. Intuitively, one would expect that rats will work more to get access to their preferred reward (i.e., sweetened water).
Then, using the choice procedure, we quantified the size of the difference in reward value between cocaine and sweetened water by determining the ratio of effort corresponding to the point of indifference between the 2 rewards. We also estimated the conditioned incentive value of each type of reward by testing rats during extinction. Finally, we performed a retrospective analysis of all choice experiments conducted in the laboratory over the past 4 years to assess the influence of the severity of past cocaine use on choice. Overall, we found that no matter how heavy was past cocaine self-administration, most rats value cocaine poorly and readily decide to quit when offered the opportunity of making a different choice. Only a minority of rats (i.e., less than 20%) preferred to continue taking cocaine.
Results
Twenty-nine rats from 2 independent cohorts were first trained on alternate daily sessions to lever press to self-administer either water sweetened with saccharin (0.2%) or intravenous cocaine (0.25 mg) under a fixed-ratio 1 (FR) schedule (i.e., one response results in one reward) (see Methods). After acquisition and stabilization of FR performance, they were tested alternatively under a progressive-ratio 3 (PR) schedule (i.e., response requirement is increased within-session in constant step of 3 after each successive reward) of either sweetened water or cocaine self-administration to measure the breakpoint of each type of reward (see Methods). Finally, after stabilization of PR performance, the same rats were tested in the discrete choice procedure to assess individual preferences (see Methods). In the FR schedule, most rats self-administered the maximum available number of rewards which was limited to 30 per 3-h session (not shown). In the PR schedule, rats responded more vigorously for cocaine than for sweetened water [F(1, 28) = 7.62, P < 0.01; Fig .1A] . As a result, they earned more cocaine doses than accesses to sweetened water [F(1, 28) = 11.38, P < 0.01; Fig .1B ] and the breakpoint of cocaine was two times higher than the breakpoint of sweetened water [F(1, 28) = 11.4, P < 0.01; Fig .1C ]. At first glance, these findings suggest that cocaine has a higher value compared to sweet water. However, when allowed to choose mutually-exclusively between the two rewards, the same rats that worked harder for cocaine than for sweetened water in the PR schedule clearly preferred the latter over the former [from day 1 to 6: t(28) > 2.69, P < 0.01; Fig.2A ]. The preference for sweet taste was evident on the first day of choice and increased thereafter [F(5, 140) = 2.54, P < 0.05].
To further explore the origin of this apparent contradiction between reward assessment procedures, we computed for each individual the difference in breakpoints between sweetened water and cocaine, called thereafter the PR score. Positive PR scores indicate that rats worked more for sweetened water than for cocaine (i.e., C < S) and negative PR scores indicate the opposite (i.e., C > S). We then plotted individual PR scores with individual preference scores, as measured under the discrete-trials choice procedure (see data analysis in Methods), and obtained a graph with 2 indifference lines centered at 0, thereby defining 4 quadrants (Fig.2B) . Scores below the horizontal indifference line indicates individual rats that prefer cocaine over sweetened water (i.e., 5 out of a total of 29; 17.2%); scores on the left of the vertical line indicates rats that work more for cocaine than for sweetened water (i.e., 65.5%).
Clearly, the majority of individuals (65.5%; open circles) were behaviorally incongruent across reward assessment procedures: they worked more (or about equally) for cocaine than for sweetened water in the PR schedule but preferred the latter over the former during choice.
Only a minority of individuals (34.5%; closed circles) were behaviorally congruent. This The contradiction in outcomes between the PR schedule and the choice procedure suggests that these two reward assessment procedures do not entirely measure the same thing.
Previous research suggests that responding for cocaine under the PR schedule would not only reflect the value of cocaine but also the direct stimulant effect of cocaine accumulation on work output or effort production (31-33). This latter, value-independent effect should lead to a systematic overestimation of the true value of cocaine in the PR schedule. Note that cocaine accumulation is prevented in the choice procedure by spacing trials with 10-min intervals (see Methods). Ten minutes is the time that it takes for the dissipation of the stimulant effect of the scheduled dose of cocaine (17) . To test this hypothesis, 23 additional rats from 2 separate cohorts were trained identically as described in the previous experiment, except that the PR schedule was modified as follows: a fixed delay of 10 min was added following each successive reward. During each post-reward delay, the available lever was retracted to avoid extinction. Adding a post-reward delay profoundly decreased responding for cocaine, but not for sweetened water, compared to the previous experiment with no delay [Delay X Type of Reward: F(1, 50) = 5.84, P < 0.05; Fig.3A] . As a result, the breakpoint of cocaine decreased to a level comparable to the breakpoint of sweetened water which remained constant [Delay X Type of Reward: F(1, 50) = 8.85, P < 0.01; Fig.3B ]. This outcome now suggests that the two rewards would be of equal value. However, once again, when the same rats were allowed to choose either cocaine or sweetened water, they expressed an immediate and strong preference for sweetened water [from day 1 to 6, preference scores were significantly above the indifference line; t(22) > 4.42, P < 0.01; not shown]. Overall, the first two experiments unexpectedly reveal that the choice procedure is more sensitive and reliable for assessing the relative value of cocaine than the PR schedule, the latter being selectively biased in favor of cocaine.
To definitively rule out the confounding effect of cocaine accumulation on the assessment of its relative value, difference in responding for cocaine and sweetened water was measured during extinction in a separate group of rats (n = 12). These rats have previously received over a period of 6 months 59 FR sessions, 40 PR sessions and 52 choice sessions. As a result, they had self-administered 1296.7 ± 54.4 intravenous doses of cocaine corresponding to 324.2 ± 13.6 mg of cocaine. During extinction testing, rats had concurrent access for 45 min to the lever associated with cocaine and to the lever associated with sweetened water but responding on either lever had no programmed consequence. Thus, during extinction, responding is motivated by the conditioned incentive value that each lever has previously acquired from its associated reward. Consistent with their pre-extinction preference scores . This large ratio of effort suggests that the value of cocaine is much lower than the value of sweetened water.
Finally, a retrospective analysis of all choice experiments conducted in the laboratory over the past 4 years, including the present experiments which involved a total of 64 rats (see Methods), reveals that only 13 rats out of a total of 172 (i.e., 7.6%) prefer intravenous cocaine over sweetened water (i.e., cocaine choices > 50% of completed trials). Importantly, cocaine preference in these deviant individuals was not attributable to a mere lack of interest in or aversion to sweetened water since during sampling trials, they earned as many accesses to sweetened water (i.e., the maximum of 2) and drank as much as the majority of other rats 
Discussion
Several important features of the present series of experiments need to be explicitly stated to avoid subsequent confusion and/or misinterpretation. First, rats were neither food or waterdeprived throughout experimental testing, so the preference for sweetened water over cocaine reported here and elsewhere (17) is not attributable to hunger or thirst. Second, in the present study, rats were first trained to self-administer cocaine and sweetened water on several alternate days before being tested in the choice procedure. This initial training clearly showed that rats readily self-administer intravenous cocaine when no other choice is available -as amply demonstrated in previous research (24, 26, 34-37). Third, in the discrete-trials choice procedure, rats were allowed to choose either cocaine or water sweetened with saccharin. As a result, selecting one reward excluded the alternative reward, thereby forcing individuals to express their preference. Fourth, the number of choice trials was restricted to only 8 per day to prevent the eventual confounding effect of differential reward satiation on assessment of reward value (38). However, in a pilot study, we found that increasing the number of daily choice trials up to 40 had no significant impact on preference. Finally, trials were spaced by at least 10 min to reduce the direct anorexigenic effect of cocaine accumulation on ingestive behavior -an effect that would obviously bias choice in favor of cocaine, as suggested in other research (39). However, as shown here and elsewhere (17) , this precaution was superfluous because most rats spontaneously choose not to continue taking cocaine. Note that trial spacing in itself is not the cause of rats' relative lack of interest in cocaine; when no other choice is available, rats self-administer cocaine with forced inter-dose intervals of 10 min or even longer (17, 40 ).
Considering the above information, the present study unambiguously demonstrates that for most rats, cocaine pales in comparison to water sweetened with saccharin, an otherwise biologically inessential reward (i.e., not essential for growth, survival and/or reproduction).
No matter how heavy was past cocaine self-administration, the large majority of rats readily decides to quit and prefers drinking sweetened water. In addition, most rats become indifferent only when the amount of effort required to obtain sweetened water reaches about 10 times that for cocaine. This large ratio of effort indicates that the relative value of cocaine is much lower than that of sweetened water. This surprisingly large difference in reward value probably explains why the conditioned incentive value of the lever associated with cocaine, as measured during extinction, remains low, despite more than 1000 thousand repeated cocaine self-administration from this lever. Interestingly, this finding is consistent with a recent study in humans with cocaine use disorder showing that affectively pleasant pictures can effectively compete with cocaine pictures (41). The weak relative value of intravenous cocaine may also explain why in a previous study, a 6-fold increase in cocaine dose (from 0.25 to a maximum of 1.5 mg) was apparently not sufficient to shift preference to cocaine, even following extended access to cocaine self-administration (17) . Finally, it shed light on why to study cocaine preference for pharmacological testing, it is often necessary to considerably increase the price of the alternative reward (42-44).
One of the original goals of the present study was to confirm the weaker value of cocaine, as estimated in the discrete-trials choice procedure, using the classic PR schedule.
Paradoxically, we found that though most rats largely prefer sweetened water over intravenous cocaine, they nevertheless work harder to obtain the latter than the former.
Superficially, this outcome recalls the well-documented "preference reversal" phenomenon in economic decision-making research in humans (i.e., subjects prefer the economic option that they valued less in independent evaluation) (45) . Additional investigation, however, showed that this apparent paradox results from a selective bias in the PR schedule of cocaine selfadministration. Contrary to the breakpoint of sweetened water which only depends on the value of this reward, the breakpoint of cocaine depends on two independent effects: the reward value of the scheduled dose of cocaine and the direct stimulant effect of cocaine accumulation on work output or effort production (31, 33). When the latter, valueindependent effect of cocaine is minimized by preventing cocaine accumulation with forced spaced trials, the breakpoint of cocaine falls abruptly, a finding that is consistent with previous research (32, 46). Importantly, spacing access to sweetened water had no similar impact. Thus, the breakpoint of cocaine, as measured in the standard PR schedule, provides a biased overestimate of the value of cocaine that explains the apparent discrepancy with the choice procedure. This selective bias probably also explains why the breakpoint of cocaine is generally much higher than that of other, non-stimulant drugs (e.g., heroin; nicotine) which nevertheless are equally or even more addictive than cocaine in humans (47) (48) (49) . Thus, the present series of experiments unexpectedly reveals that the standard PR schedule is selectively biased in favor of cocaine and is thus less suited than the choice procedure to assess its relative value.
The large difference in reward value between sweetened water and intravenous cocaine, as estimated in rats using a discrete-trials choice procedure, can receive at least two different, not necessarily mutually exclusive, interpretations. First, as discussed elsewhere in more details (17) , this observation may suggest that sweetened food or drink is more addictive than cocaine and therefore may eventually lead to a re-ordering in the hierarchy of potentially addictive substances. This interpretation is consistent with recent experimental and clinical research on sugar addiction (5, (50) (51) (52) (53) (54) . In addition, it is consistent with recent epidemiological research that links recent escalation of per capita consumption of sweetened beverages with escalating rates of obesity, especially in vulnerable populations, such as, children (55) (56) (57) . The unsuspected high addictive potential of sweetened fluids also provides some direct support to the recently formulated selfish brain hypothesis (58) . According to this hypothesis, to satisfy its continuous, high demand of energy, the brain would put a premium on natural predictive signals of future energy input, such as, taste sweetness. Interestingly, this hypothesis uniquely predicts that extinguishing the innate predictive signaling function of taste sweetness should shift preference in favor of cocaine (59, 60) . Future research will be required to directly test this unique prediction.
Alternatively, the large difference in reward value between sweetened water and intravenous cocaine found in the present study strongly suggests that despite all the appearances, rats are in fact majoritarily resilient to cocaine addiction. Indeed, no matter how heavy is past cocaine use, most rats readily quit cocaine in favor of the alternative reward when offered the choice. This spontaneous self-abstinence from cocaine is difficult to conciliate with a state of addiction and indicates that cocaine is a sort of default reward that most rats would work for only when no alternative is available, such as in standard experimental conditions (61, 62) . In those conditions, cocaine self-administration probably merely reflects "an expectable response" of a normal reward-seeking animal to an abnormal situation (i.e., the very lack of choice) and not a genuine behavioral disorder. According to the Diagnostic and Statistical Manual of Mental Disorders, a disorder "must not be merely an expectable response to a particular event" or situation (e.g., grief is not a depressive disorder but a normal affective reaction to the loss of a loved one) (63) . Thus, in laboratory rats with a choice, the behavioral norm is cocaine avoidance and preference for natural rewarding behavior. Resilience to drug addiction has long been suspected in humans (e.g., 64), though it has always been difficult to firmly establish it due to potential uncontrolled differences in drug accessibility and/or exposure -a limitation not present in research on laboratory rats.
Only a minority of rats continued to take cocaine despite the opportunity of making a different choice. Though the frequency of cocaine-preferring rats tended to increase with the severity of past cocaine self-administration, it nevertheless plateaued below 20%. This outcome is generally consistent with recent epidemiological research showing that "no more than about 6% of cocaine users develop cocaine dependence syndrome within 24 months after onset of cocaine use" (65) . It is also apparently consistent with another low estimate of cocaine addiction-like behavior in rats (66) . However, as argued elsewhere (27), this estimate was obtained using a circular statistical method that limited a priori to less than 33% the maximum possible frequency of rats with an addiction-like behavior. Obviously, such a method only found what it was designed at the outset to find, that is a minority of potentially addicted individuals. In contrast, the estimation approach used in the present study did not set arbitrarily and in advance a limit to the maximum possible frequency of potential cases. In principle, this approach would even authorize a frequency of 100% of cocaine-preferring rats.
The fact that the observed frequency is much lower, no matter how heavy is past cocaine use, objectively indicates that only few individuals, among a sea of resilient individuals, are de facto prone to develop cocaine addiction. We propose that choice may therefore serve as a novel screening assay to identify rapidly, efficiently and without preconception individual rats at risk to develop cocaine addiction. The comparisons of these vulnerable individuals with resilient ones should help in the search of the mechanisms underlying cocaine addiction. Fixed-ratio schedule. Operant-and drug naïve rats were trained under a fixed-ratio 1 (FR1) schedule of 0.2% saccharin -a near optimal concentration (67) -and cocaine selfadministration (0.25 mg per dose, i.v.) on alternate daily sessions, six days a week. Sessions ended after rats had earned a maximum of 30 sweet or cocaine rewards or 3 h had elapsed.
Methods
Other details are explained in SI Text.
Progressive-ratio schedule. Following training in the FR schedule, rats were tested under a linear progressive-ratio (PR) schedule of saccharin or cocaine self-administration on alternate daily sessions, six days a week. All experimental conditions were identical to those used in the FR schedule, except that the response requirement was increased within-session by a constant increment of 3 following each sweet or cocaine reward (i.e., 1, 4, 7, 10…). PR sessions terminated after 30 min had elapsed without a reward or 4 h had elapsed. After stabilization of performance, PR sessions ceased within 3 h for most rats (i.e., over 90%). The break point was defined as the last completed response requirement and corresponded to the total number of rewards earned during the PR session.
Discrete-trials choice procedure. This procedure has been described (17) Retrospective analysis of the frequency of cocaine-preferring individuals. Over the past 4 years, a total of 172 rats belonging to 12 independent cohorts were tested in the choice procedure described above during at least 5 consecutive daily sessions until behavioral stabilization (i.e., 3 consecutive sessions with more than 50% of completed choice trials [range: 58 to 100%; median: 100] and without decreasing or increasing trends in preference score; see also, data analysis). Data from most of these rats were published elsewhere (17),
though not under this form (i.e., frequencies) and not as a function of past cocaine use. These rats had a wide variety of history of cocaine self-administration before choice testing, ranging from no prior exposure to extended exposure to cocaine self-administration. As a result, the amount of self-administered cocaine ranged from 0 to 486 mg and defined 5 levels of severity: 0 (n = 43), 1-75 (n = 55), 76-150 (n = 51), 151-225 (n = 10), > 226 mg (n = 13).
Then, we estimated the frequency of cocaine-preferring rats by counting for each degree of severity the number of individuals with a preference score below 0 (i.e., cocaine choices > 50% of trials over 3 stable sessions; see Data analysis).
Data analysis.
The indifference level between sweetened water and cocaine was conveniently normalized at 0 in the discrete-trials choice procedure. Scores above 0 indicated a preference for sweetened water (i.e., selection of this reward > 50% of completed choice trials) while scores below 0 indicated a preference for cocaine (i.e., selection of this reward > 50% of completed choice trials). In the PR schedule, scores correspond to the difference in breakpoints between sweetened water and cocaine. Individuals with a PR score between -3
and +3 (i.e., corresponding to a difference of one step size in the PR3 schedule) were considered to work equally for both types of reward. Statistical analyses were run using Statistica, version 7.1 (Statsoft, Inc France).
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We Sessions ended after rats had earned a maximum of 30 sweet or cocaine rewards or 3 h had elapsed.
Discrete-trials choice procedure. Rats were allowed to choose during several consecutive daily sessions between the lever associated with cocaine (lever C) and the lever associated with sweet water (lever S) on a discrete-trials choice procedure. Each daily choice session consisted of 12 discrete trials, spaced by 10 min, and divided into two successive phases, sampling (4 trials) and choice (8 trials). During sampling, each trial began with the presentation of one single lever in this alternative order: C -S -C -S. Lever C was presented first to prevent an eventual drug-induced taste aversion conditioning or negative affective contrast effects. If rats responded within 5 min on the available lever, they were rewarded by the corresponding reward (i.e., 0.25 mg cocaine delivered intravenously or 20-s access to water sweetened with 0.2% saccharin, as described above). Reward delivery was signaled by retraction of the lever and a 40-s illumination of the cue-light above this lever. If rats failed to respond within 5 min, the lever retracted and no cue-light or reward was delivered. Thus, during sampling, rats were allowed to separately evaluate each reward before making their choice. During choice, each trial began with the simultaneous presentation of both levers S and C. Rats had to select one of the two levers. During choice, reward delivery was signaled by retraction of both levers and a 40-s illumination of the cue-light above the selected lever. If rats failed to respond on either lever within 5 min, both levers retracted and no cue-light or reward was delivered. The response requirement of each reward was set to 2 consecutive responses to avoid eventual accidental choice. A response on the alternate lever before satisfaction of the response requirement reset it. Response resetting occurred very rarely, however.
Drugs. Cocaine hydrochloride (Coopération Pharmaceutique Française, France) was dissolved in 500-ml sterile bags of 0.9% NaCl and kept at room temperature (21 ± 2°C). Drug doses were expressed as the weight of the salt. Sodium saccharin (Sigma-Aldrich, France) was dissolved in tap water at room temperature (21 ± 2°C). The saccharin's solution was renewed each day.
